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Abstract
Dispersions of nanoscale Pb particles embedded in Si, Al, and Cu matrices have been synthesized by ion implantation
and subsequent annealing. The melting transitions of the embedded Pb nanocrystals with epitaxial particle/matrix
interfaces were investigated by means of in situ high-temperature X-ray diffraction. Due to different levels of lattice
mismatch, the Pb nanoprecipitates experience a different elastic strain in different matrices. Further analysis on the
lattice constants of the embedded Pb nanocrystals gives unambiguous evidence of the strain-related pressure effect,
which is particle size and matrix dependent, on tuning of the melting behavior of the embedded Pb nanoparticles.
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Background
The melting behavior of low-dimensional solids, such as
thin films, nanofibers, and nanoparticles, has drawn in-
creasing attention in the past decades due to a fundamen-
tal understanding of their melting behavior at surfaces/
interfaces and practical concerns of their technological ap-
plication. Abundant experimental evidence shows that the
melting point of nanoparticles and thin films can be con-
siderably lowered compared to the equilibrium melting
point of the corresponding bulk solids (T0) [1–6]. The
physical origin of this phenomenon lies on the fact that
surface or interface atoms have a lower coordination, on
average, and are thus more weakly bound and less con-
strained in their thermal motion than the atoms in the
bulk. When the dimension of a solid is reduced, a larger
fraction of surfaces/interfaces is provided, where melting
nucleation may take place and the melting temperature
will be lowered. However, when metal particles are coated
by (or embedded in) a solid matrix with a high melting
point, their thermal stability against melting can be en-
hanced, i.e., the melting point Tm can be even higher than
T0. In 1986, Daeges et al. [7] demonstrated that Ag parti-
cles coated by Au could be heated up to 25 K above T0 for
1 min without melting.
Following this pioneering work, superheating has been
observed in a number of low-T0 metal particles (with
sizes usually in the nanometer range) [8–12]. Further
investigations indicated that two major effects are re-
sponsible for the observed superheating. The first one is
the formation of low-energy epitaxial particle/matrix
interfaces. Suppressed nucleation of the molten phase at
epitaxial interfaces is considered a key factor controlling
the superheating of these particles [4, 10, 13]. The sec-
ond one is the pressure effect. A compressive pressure is
exerted on embedded particles prior to melting due to
the larger thermal expansion coefficient of metallic par-
ticles compared to that of the matrix. The pressure
buildup was considered to be effective in raising the
melting point of encapsulated/embedded nanoparticles.
For example, a superheating as large as 270 K was ob-
served in encapsulated metal particles (Pb, Sn) in
fullerene-like shells [8]. This can be understood follow-
ing the classical thermodynamic Clausius-Clapeyron
consideration, which relates the change of pressure (dP)
to the change of melting point (dTm):
dTm ¼ dPT 0ΔVL ð1Þ
where L is the latent heat and ΔV is the relative volume
change on melting [14]. For Pb, ΔV = (VL − VS)/VS =
0.035, VS and VL are the volumes of the solid and liquid
phases, respectively. For an implanted system, the lattice
mismatch between particles and matrix leads to add-
itional pressure on embedded nanocrystals (NCs) via the
epitaxial particle/matrix interface. However, in the
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existing literature, the role of pressure appears to be
small [10], or the strain-related pressure effect was not
quantitatively analyzed [15].
To this end, we have synthesized Pb NCs embedded in
crystalline Si, Al, and Cu matrices by using high-fluence
ion implantation and subsequent annealing. Previous in-
vestigations show that the ion beam-synthesized Pb NCs
have epitaxial particle/matrix interfaces and a well-
defined octahedral shape bounded by {111} and {001}
planes [11, 15, 16]. The average particle size can be
tuned by different synthesis parameters such as implant-
ation fluence and annealing time. In addition, different
levels of lattice mismatch between bulk Pb and the crys-
talline matrices result in different strain in the embed-
ded Pb NCs, ranging from compressive to tensile. This
degree of freedom provides a handle to explore the
strain-related pressure effect on the melting behavior of
these embedded Pb NCs. In situ high-temperature X-ray
diffraction (XRD) was used to monitor the melting of
the embedded Pb NCs. This technique has several ad-
vantages: (i) by recording the diffraction signal as a func-
tion of temperature, the melting sequence of the
material of interest can be continuously monitored; (ii) a
quantitative correlation between the melting point and
the particle size can also be obtained through the ana-
lysis of the diffraction profile; and (iii) it provides de-
tailed information about the lattice parameters, i.e., the
pressure exerted on the particles, as a function of
temperature prior to melting. Such information is crucial
to elucidate the role of pressure on the melting behavior
of the embedded Pb NCs, which is not available from
differential scanning calorimetry [17] or channeling
analysis [15].
Methods
Epitaxial Al and Cu layers with a thickness of 150 nm
have been grown on 7 × 7 reconstructed Si(111) and
MgO(220) substrates, respectively, in a molecular beam
epitaxy setup with a base pressure of 5 × 10−11 Torr. The
deposition rate (~0.2 Å/s) was monitored in situ with a
quartz crystal microbalance which was calibrated by
using X-ray reflectivity. After deposition, the epitaxial
layers were annealed in situ at 350 °C for 2 h in order to
improve their crystalline quality.
Single-crystal Si(100) wafers and the epitaxial Al(111)
and Cu(220) layers were implanted with 80 keV Pb+
ions at room temperature. The ion implantation
current density was maintained below 2 μAcm−2 to re-
duce sample heating. After implantation, the samples
with different implantation fluences ranging from 0.5 ×
1016 to 4.0 × 1016 cm−2 were annealed in a N2 atmos-
phere (Si) at 873 K for 45 min or in vacuum (Al and
Cu) at 723 K for 60 min to promote Pb precipitation
and to recover the implantation-induced lattice damage
to matrix materials.
Conventional room temperature XRD was performed
on a Bruker D8 diffractometer, using Cu Kα radiation
with an X-ray wavelength of 0.1542 nm. We used θ–2θ
scans to measure the average size of the crystalline Pb
precipitates and their lattice constants. XRD azimuthal
Ф scans combined with high-resolution transmission
electron microscopy (HRTEM) measurements per-
formed on a JEOL 4000 operated at 400 kV were used to
determine the lattice structure, crystallographic orienta-
tion, and shape of the embedded Pb particles.
The melting behavior of the Pb NCs was monitored by
a similar diffractometer equipped with a high-temperature
attachment which allows measurements up to 1273 K.
Symmetric θ–2θ scans with a scan speed of 0.6°/min were
employed to monitor the diffraction signals from Pb NCs.
The sample was mounted on a molybdenum base furnace
and kept in a He gas flow in order to reduce the
temperature gradient from the heater to the sample
surface. The temperature was calibrated with an accur-
acy of ±2 K by recording the Au-Si and Al-Si eutectics
at 636 and 850 K, respectively. The sample was heated
to each temperature at a heating rate of 5 K/min and
held for 2 min before collecting the XRD profiles. Dur-




Immediately after ion implantation and subsequent an-
nealing, the structure of the Pb NCs was assessed by
conventional XRD. Figure 1 shows θ–2θ scans in a 2θ
range of 30°–80° for the Pb NCs in Si synthesized with
different implantation fluences. The two small sharp
peaks located at 61.6° and 65.8° are due to contributions
Fig. 1 XRD θ–2θ scans for virgin Si and two implanted Si samples.
The data sets are shifted vertically for clarity
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of the residual Cu Kβ and Ni Kα radiation to the Si(400)
diffraction peak, respectively. The only detectable Pb
peak is the Pb(200) reflection at 2θ ≈ 36.3°, confirming
that the Pb particles are highly oriented with respect to
the host Si matrix [16]. The Pb diffraction peaks sharpen
with increasing fluence, indicating the increasing size of
the Pb NCs. By using the Scherrer formula, the average
grain radius <R> is estimated (Table 1). The error on the
experimental data is mainly due to the systematic vari-
ation of the background signal, leading to a varying
width for the Pb diffraction peak after background
subtraction.
Azimuthal Ф scans of the diffraction planes not paral-
lel with the sample surface (i.e., tilted by an angle χ from
the sample surface) help to determine the Pb NCs lattice
structure as well as to reveal their in-plane crystallo-
graphic orientation with respect to the Si matrix. Figure 2
shows Ф scans of sample 2 for the Pb(111) diffraction
with 2θ ≈ 31.3° and the Si(111) diffraction with 2θ ≈
28.5°, respectively. The fourfold symmetry, with χ ≈ 54.8°,
is consistent with the fcc-Pb(111) Ф scan. The peak po-
sitions of Pb(111) are coincident with the ones of
Si(111), indicating an epitaxial relationship between the
Pb NCs and the Si matrix. Therefore, we conclude that
the fcc-Pb NCs are crystallographically oriented with re-
spect to the Si matrix according to Pb(200)[002]//
Si(200)[002]. The orientation of the Pb NCs in Al and
Cu is determined as Pb(111)[11 2 ]//Al(111)[11 2 ] and
Pb(220)[002]//Cu(220)[002], respectively, consistent with
previous investigations [11, 15] and indicating an epi-
taxial alignment between the Pb NCs and the crystal-
line matrices.
The faceted epitaxial Pb/Si interfaces were evident
in the HRTEM image of a Pb NC in Si (sample 1)
shown in Fig. 3. In addition, the hexagonal shape of
the Pb particle when projected along the Si[011] zone
axis indicates that the particle shape is a truncated
octahedron bounded by {111} and {001} planes. This
morphology of the Pb NCs in the Pb/Si system is very
similar to that of the Pb particles in the Pb/Al and
Pb/Cu systems [11, 15].
In order to accurately determine the lattice constants
of the Pb NCs, XRD patterns from Pb NCs with differ-
ent average particle radii <R> were carefully studied by
symmetric θ–2θ scans. The Pb(200) diffraction profiles
of the implanted Si samples are plotted in Fig. 4 after
subtracting the background signal. Taking the Si(400)
peak as a reference, the lattice constant a⊥epi of the Pb
NCs is calculated. Subsequently, their perpendicular
strain e⊥ ¼ a⊥epi−a0
 
=a0 is deduced, using a0 = 0.495 nm
for bulk (fully relaxed) Pb [18]. To determine the parallel
lattice constant a∥epi and the in-plane strain e
∥, XRD θ–
2θscans from the (220) diffraction were performed
(not shown). According to the formula for d-spacing




a⊥ð Þ2 þ l
2




Table 1 Implantation fluence f and the average radius <R> of
the embedded Pb NCs in different samples
Sample no. 1 2 3 4 5
f(1016 cm−2) 0.5 1.0 1.5 1.0 4.0
<R> (nm) 2.7 ± 0.2 3.5 ± 0.1 4.3 ± 0.1 6.7 ± 0.3 7.0 ± 0.3
Matrix Si Si Si Al Cu
Fig. 2 XRD Ф scans of sample 2 for fcc-Pb(111) and
Si(111) (χ ~ 54.8°)
Fig. 3 HRTEM image of a Pb NC in Si corresponding to the [011]
zone axis
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substituting the measured values of d(220), a⊥ ¼ a⊥epi; and
k = 2, l = 2, h = 0 into the equation, we obtain the values for




can be calculated (Table 2). The results indicate that
the lattice constant of the embedded Pb NCs in Si is
isotropically enlarged. Such lattice constant tuning re-
sults from a uniform tensile strain (e∥ ≈ e⊥) generated
at the epitaxial interfaces due to the negative lattice
mismatch between the particle and the matrix, i.e.,
aPb < aSi. For Pb NCs in Cu, the embedded Pb NCs
exhibit lattice contraction since aPb > aCu, i.e., the em-
bedded Pb NCs are under compressive strain (Fig. 5).
With increasing particle size, a reduction of the
tensile/compressive strain for the Pb NCs in Si/Cu is
observed, which can be considered as a result of the
lattice relaxation (due to the formation of misfit dis-
locations at the particle/matrix interfaces).
For the Pb NCs in Al, the lattice constants of bulk Pb
and bulk Al follow 4aPb ≈ 5aAl, corresponding to a rela-
tively smaller lattice mismatch compared to the ones for
Pb NCs in Si and Cu. The strain is expected to be easily
released by interface misfit dislocations, and thus, no
trace of strain is seen for the Pb NCs in the crystalline
Al matrix as shown in Fig. 5.
From the measured lattice constants, one can estimate









in which K = 47.8 GPa is the bulk modulus of lead
[18]. Thus, different strain conditions indicate different
pressure in the Pb NCs, which can be tuned by, e.g., par-
ticle size or matrix material. Consequently, Pb precipi-
tates in these three matrices form an ideal system to
investigate the strain-related pressure effect on the melt-
ing behavior of the embedded Pb NCs.
Melting Transition
Figure 6 presents in situ high-temperature XRD profiles
of the Pb(200) diffraction peak of the embedded Pb NCs
in Si at different fixed temperatures (sample 2). Al-
though the intensity of the (200) peak decreases abruptly
above 553 K, it is still clearly visible at 608 K, indicating
that some Pb crystals exist in Si at a temperature which
is 7 K higher than the Tm of bulk Pb. At 723 K, the dif-
fraction peak of Pb has completely disappeared, implying
that no Pb crystals survive at this temperature.
The dependence of the integrated Pb(200) diffraction
intensity on temperature from the first, third, and fifth
temperature sequences (covering the temperature re-
gime of 350–650 K) is shown in Fig. 7 for sample 2. A
hysteresis loop with a width ~50 K is clearly observed
through several heating and cooling cycles and must
hence be considered as an intrinsic phenomenon of the
embedded Pb NCs in Si.
Fig. 4 XRD θ–2θ scans for Pb NCs in Si with varying sizes. The
dashed line indicates the position of the bulk Pb(200) diffraction
peak, and the arrows show the peak positions of the NCs
Table 2 Lattice constants and elastic strain of the Pb NCs in Si
Sample no. Average radius (nm) a⊥epi (nm) a
∥
epi (nm) e
⊥ (%) e∥ (%)
1 2.7 ± 0.2 0.4983 ± 0.0003 0.4982 ± 0.0006 0.67 ± 0.04 0.66 ± 0.13
2 3.5 ± 0.1 0.4971 ± 0.0003 0.4969 ± 0.0006 0.42 ± 0.04 0.37 ± 0.13
3 4.3 ± 0.1 0.4963 ± 0.0003 0.4961 ± 0.0006 0.26 ± 0.04 0.22 ± 0.13
Fig. 5 Strain (e⊥) of Pb NCs as a function of the average radius <R>
in different matrices. The dashed line indicates e⊥ = 0
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Figure 8 shows a logarithmic plot of the integrated in-
tensity of the Pb(200) peak as a function of temperature in
the third heating cycle (sample 2). For a crystal containing
only one kind of atom, with increasing temperature, the
enhanced thermal displacement of atoms attenuates the
diffraction intensity, I, according to the Debye-Waller fac-
tor, exp[−2B(sinθ/λ)2]: I = I0 exp[−2B(sin ϑ/λ)
2], where θ is
the Bragg angle, λ is the wavelength of the X-rays, I0 is the
diffraction intensity of X-rays at 0 K, B = 8π2<u2>is the
Debye-Waller parameter, and <u2>1/2 is the root-mean-
square (rms) atomic displacement [19]. It is worth empha-
sizing that for single-crystalline elemental materials, at
temperatures much higher than the Debye temperature
ΘD Θ
Pb
D ¼ 88 K
 
; < u2>1=2 ¼ 32T=MκBΘDð Þ1=2; i.e.,
<u2> is proportional to the absolute temperature T, where
M is the mass of the atoms, κB is the Boltzmann constant,
and ħ is Planck’s constant [19]. Thus, the rms displacement
<u2>1/2 = −[ln(I/I0)]
1/2λ/4πsinθ of Pb atoms can be obtained
from the XRD data shown in Fig. 7. The Lindemann criter-
ion [20] states that melting occurs when the atomic rms
displacement exceeds 12 % of the nearest-neighbor distance
for fcc bulk crystals [21]. This empirical criterion was
proven valid for NCs [10] and thus was applied for the
melting point determination of the embedded Pb NCs. For
example, the melting of the embedded Pb NCs in sample 2
is determined to take place at 530 K, prior to which the
rms displacement of the Pb atoms increases slowly to
a value of ~12 % (see Fig. 8). At temperatures above
530 K, some of the Pb has melted with no contribu-
tion to the observed integrated intensity, and the cal-
culated rms displacement values are unphysical. In
addition, the average particle size determined from
the width of Pb(200) after annealing is evident to be
the same as the one after in situ high-temperature
XRD measurements within the experimental error.
That means the size evolution of the Pb nanoparticles
during heating and cooling cycles of in situ high-
temperature XRD measurement is too small to be
neglected.
Melting of Pb NCs
The melting transitions for the embedded Pb NCs with
different average sizes in Al are shown in Fig. 9, by plot-
ting the integrated Pb(111) diffraction peak intensity as a
function of temperature. A considerable superheating
Fig. 6 High-temperature XRD profiles of the Pb(200) diffraction peak at different temperatures for sample 2. The average radius of Pb NCs in Si is
about 3.5 nm
Fig. 7 Integrated intensity of Pb(200) as a function of temperature
for sample 2. The solid and open symbols represent data during
heating and cooling, respectively, in three temperature sequences
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during the warming up process is observed, an effect
which is clearly particle size dependent.
In order to examine the pressure effect on the melt-
ing behavior of the embedded Pb particles in Al, the
lattice constants of Pb NCs in sample 4 as a function
of temperature is shown in Fig. 10. We find that the
lattice parameters of the embedded particles with an
average radius of 6.7 nm are within the error in agree-
ment with the tabulated bulk values, which are calcu-
lated from the known bulk Pb thermal expansion
coefficient [18]. From the lattice parameters of the Pb
particles and the known bulk modulus of lead, the
pressure in the Pb NCs was determined, as shown in
Fig. 11. According to the Clausius-Clapeyron equation
(Eq. 1), these pressures would give rise to a maximum
increase in the melting temperature of ~10 K. As this
is significantly smaller than the observed superheating
in the Pb NCs, the pressure effect alone can only be
considered to play a minor role in their melting
temperature elevation. This is not surprising because
(i) the pressure exerted on the embedded Pb NCs in-
duced by the elastic strain is found to be extremely
low at room temperature and (ii) the pressure ΔPT,
imposed on the Pb NCs by matrix confinement upon
heating due to the mismatch of thermal expansion co-
efficient between Pb and Al, is also small. The latter
contribution can be calculated using the treatment of
Spaepen and Turnbull [22]:
Fig. 8 The experimentally determined rms displacement of the lead atoms as a function of temperature (blue filled squares). Logarithmic plot of
the integrated intensity for the Pb(200) diffraction peak (sample 2) during the heating up (black filled circles) is shown. Above 530 K, a fraction of
the precipitates is melted, and the rms values shown (empty squares) are unphysical
Fig. 9 Integrated intensity of the Pb(111) for Pb NCs in Al with
different average radii <R>. The dashed line marks the melting
point of bulk Pb
Fig. 10 Lattice constants of bulk Pb (—) and Pb NCs as a function
of temperature





where μM is the shear modulus of the matrix (μAl =26 GPa
[18]), the α’s are the linear thermal expansion coefficients,
and ΔT is the temperature increase on heating. Since the
thermal coefficient of Pb is only slightly larger than that of
Al (αPb = 2.89 × 10
−5 K−1, αAl = 2.31 × 10
−5 K−1 [18]), a small
compressive pressure of 0.04 GPa in Pb is built up when a
Pb/Al sample is heated from room temperature to 600 K.
This pressure corresponds to a ~4 K increase in the melting
point, which is negligibly small. Thus, the superheating is
mainly attributed to the low-energy epitaxial particle/matrix
interfaces [10].
To fully explain the size-dependent melting point of
embedded nanoparticles, Allen et al. [23] proposed a
thermodynamic model, which includes both the pressure
and particle/matrix interface effects. They derived a rela-
tionship between the melting temperature and the par-














where TR and T
Pb
0 are the melting temperatures for
particles of radius R and for bulk material, respectively;
γSM and γLM are the interfacial energies between the
solid and the matrix and the liquid and the matrix;
ρS and ρL are the densities of solid and liquid lead,
respectively; Q is the latent heat of melting; and ΔE
is the change of free energy upon melting due to
matrix confinement [23]. For embedded spherical par-
ticles, ΔE = PΔV, P is the pressure in the embedded
particle prior to melting and ΔV is the relative vol-
ume change on melting (for lead, ΔV = 0.035 [18]).
As demonstrated above in the discussion of the lattice
parameters of Pb particles, the Clausius-Clapeyron equa-
tion shows that pressure, i.e., ΔE, cannot be the domin-
ant term to explain superheating in Pb. Thus, the
superheating of the embedded Pb particles is mainly at-
tributed to the low-energy epitaxial Pb/Al interfaces, i.e.,
γSM < γLM, leading to a suppression of interface nucle-
ation of the liquid phase as confirmed by molecular dy-
namics simulations [24]. Moreover, according to Eq. 3,
the superheating decreases with increasing particle size,
consistent with our observation. This can be understood
based on the fact that with increasing particle size, due
to the decreasing surface-to-volume ratio, the role of the
low-energy Pb/Al interfaces in achieving superheating is
suppressed.
Since the Pb inclusions exhibit a lattice contraction in
Cu (Fig. 5), it may be envisaged that a compressive pres-
sure plays an important role in achieving the superheat-
ing of Pb NCs in Cu [15], as shown in Fig. 12. To
confirm this hypothesis, the lattice parameter of the Pb
NCs in Cu as a function of temperature is shown in
Fig. 10. For the Pb/Cu sample, e⊥ < 0 is observed. It
means that a compressive pressure on the embedded Pb
NCs is maintained prior to their melting, which leads to
an enhancement of the melting temperature [20]. Ac-
cording to Eq. 2, the pressure ΔPT imposed on the em-
bedded Pb NCs due to matrix confinement is ~0.16 GPa
when the sample is heated up from room temperature to
600 K. That is smaller than the measured pressure for
Pb NCs, 0.71 GPa, determined by their lattice constant
at 600 K (Fig. 11). These findings imply that the com-
pressive pressure exerted on the Pb NCs in Cu prior to
their melting is due to both (i) the compressive strain
and (ii) matrix confinement upon heating. In addition,
the superheating of the Pb NCs in Cu cannot be only
Fig. 11 The pressure and calculated change of melting point ΔTm as a function of temperature. The dashed line marks ΔTm = 0
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due to the overpressure. For instance at 600 K, the mea-
sured pressure up to 0.71 GPa corresponds to an in-
crease of 55 K in the melting temperature (Fig. 11). This
is smaller than the observed superheating in Fig. 12.
Thus, the superheating of the embedded Pb NCs in Cu
is both attributed to the low-energy particle/matrix
interface and the compressive pressure caused by the
compressive strain and matrix confinement.
The melting transitions for the embedded Pb NCs
with different average sizes in Si (samples 1–3) are
shown in Fig. 13. The arrows indicate the temperatures
at which melting of the Pb NCs takes place according to
the Lindemann criterion. For the Pb/Si samples, the Pb
NCs start to melt below the equilibrium temperature of
bulk Pb and their melting temperature decreases with
decreasing average size. From our experimental results,
it is clear that the melting behavior of the embedded Pb
NCs cannot be fully explained by (i) the suppression of
melting nucleation at the epitaxial particle/matrix inter-
face and (ii) the pressure effect caused by matrix con-
finement, i.e., the difference in thermal expansion
coefficients between the Pb particles and the Si matrix,
which is particle size independent. That is because both
effects result in superheating of the embedded Pb NCs.
Naturally, we have to take the strain-related pressure
effect into account based on the fact that the tensile
strain is found in the Pb NCs at room temperature.
In order to evaluate the role of elastic strain-related
pressure effect on the melting behavior of the embedded
Pb NCs, their lattice parameters were extracted from the
XRD data, as shown in Fig. 10. Then, the strain of the
embedded Pb NCs as a function of temperature is ob-
tained (Fig. 11). It can be seen that at high temperatures,
tensile strain is still present for the Pb NCs in Si, i.e.,
e⊥ > 0, indicating a negative pressure in the embedded
Pb NCs, i.e., the Pb particles are subjected to tensile
stresses. According to the Clausius-Clapeyron equation,
this leads to a decrease of melting point. With increasing
particle size, due to strain relaxation, a decrease of the
tensile strain (i.e., the negative pressure) in the Pb parti-
cles is observed at temperatures prior to melting in
Fig. 11. Thus, an enhancement of the melting point for
the samples with larger particles is expected, consistent
with our experimental results. This again shows unam-
biguously that the strain has to be taken into account in
order to explain the melting behavior of Pb NCs embed-
ded in Si. Hence, their melting can be interpreted in
terms of two competing effects: (1) the melting
temperature elevation by the low-energy epitaxial inter-
faces and the matrix confinement and (2) the suppres-
sion of the melting point due to the tensile strain-related
pressure effect.
The above analysis gives further indication that the
strain-related pressure effect can affect the melting
behavior of the embedded Pb NCs. It is worth empha-
sizing that in contrast with the overpressure caused by
the different thermal expansion coefficients between
metallic nanoparticles and rigid matrices (αparticle
< αMatrix) [25], which leads to a melting point eleva-
tion, the strain-related pressure effect is evident to
enhance or decrease the melting temperature depend-
ing on the lattice mismatch between the Pb NCs and
the crystalline matrices with the epitaxial particle/
matrix interfaces. In addition, compared to Pb parti-
cles in Al, the melting transition of the embedded Pb
NCs in Si and Cu is much broader, which is attributed
to the larger size distribution of the embedded Pb NCs
in Si and Cu. Although the size distribution of the
embedded Pb particles can broaden the melting transi-
tion, trends of the average size- and the elastic strain-
Fig. 12 Integrated intensity of the Pb(220) reflection for Pb NCs in
Cu at heating cycles. The average particle radii <R> are 5.2 and
7.0 nm. The dashed line marks the melting point of bulk Pb
Fig. 13 Integrated intensity of the Pb diffraction peak for samples
1–3 as a function of temperature. The dashed line indicates Tm of
bulk Pb, and the arrows indicate the temperatures at which the rms
displacement values reach 12 % of the nearest-neighbor distance
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dependent melting are still clearly observed for these
embedded Pb precipitates.
Conclusions
In conclusion, we have experimentally analyzed the
melting behavior of Pb NCs in the crystalline Si, Al, and
Cu matrices with epitaxial particle/matrix interfaces.
Based on our detailed investigation of the lattice param-
eters of the embedded Pb NCs, we believe that the usual
explanation advocated to explain superheating, i.e., inter-
face epitaxy suppresses the melting nucleation, cannot
fully account for the melting behavior of the embed-
ded Pb NCs in Si and Cu. We demonstrated that the
strain-related pressure effect plays an important role
in controlling their melting behavior, which provides
new possibilities to tune the instability temperature of
low-dimensional materials against melting.
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